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SUMMARY

This report describes a feasibility study for upgrading the NASA Langley 4- by
7-Meter Tunnel so that it may be used for aeroacoustic research related to helicop-~
ters. Although rotor noise research in wind tunnels is not a new concept, the
requirements for noise research leading to the design of the next generation of
helicopters impose a set of acoustic test criteria that no existing wind tunnel in
the United States can presently meet,

Included in this feasibility study are the following considerations: (1) an
evaluation of general wind-tunnel requirements for helicopter aeroacoustic research,
including the establishment of desired tunnel background noise levels for such
research, (2) an assessment of the present acoustic environment for testing model
rotors in the Langley 4- by 7-Meter Tunnel, (3) a diagnostic investigation of tunnel
background noise sources and paths, (4) the establishment of acoustic treatment
options for tunnel background noise reduction and a description of a trade-off study
between these options, (5) an engineering feasibility assessment of the selected
option, and (6) a final integrated analysis of the various study components and
recommendations for an approach to meet the tunnel background noise reduction goal.

It is concluded that the Langley 4- by 7-Meter Tunnel is a fundamentally suit-
able facility for helicopter aerocacoustic research. It is also concluded that acous-
tic treatment of this facility for meeting the required tunnel background noise goal
can be accomplished technically at reasonable risk and cost.

1 INTRODUCTION

The use of helicopters in the civil air transportation market is projected to
increase. If present acoustic design technology is used for this future commercial
market, then unacceptable community noise levels may be anticipated. Research in
quiet helicopter technology is urgently needed now so that the new generation of
rotorcraft will meet acceptable community noise standards. NASA's commitment to a
long~term joint research and development program with major U.S. helicopter manufac-
turers - referred to as the "NASA/American Helicopter Society (AHS) National Rotor-
craft Noise Reduction Program"” - was made in response to this anticipated helicopter
noise problem (ref, 1).

The ultimate objective of the NASA/AHS program is to provide technology for pre-
dicting and reducing noise radiation from helicopters at the design state. A criti-
cal requirement for this needed research is a high-quality low-speed wind tunnel
suitable for aerocacoustic research of powered scale model helicopters.

A wind tunnel is essential for rotorcraft noise research because of aeroacoustic
effects that exist only in forward flight and, therefore, cannot be investigated by
the study of hovering rotors. The complex nature of the noise field generated by a
helicopter rotor system is strongly dependent on the highly distorted three-
dimensional flow created by the rotor blades. This flow can involve nonlinearities
and transient effects that are not present in the flow over hovering rotors.



Rotor noise research in wind tunnels is not a new concept. Acoustic measure-
ments have been made for many years on scale model rotor systems in wind tunnels.,
(For example, see refs. 2 to 7.) Although the wind-tunnel/model-rotor combination
has been shown to be a highly effective experimental configuration for studying
certain dominant mechanisms of helicopter noise generation, past research has been
limited by the unavailability of a wind tunnel in the U.S. that is suitable for a
wide range of system noise measurements for the model helicopter.

Accentuating the limitation of existing wind tunnels is the fact that manufac-
turers now anticipate facing community noise certification requirements that specify
the use of a perceived noise level as a noise metric. This category of noise metrics
emphasizes the midrange freguencies to which the human ear is most sensitive. The
aeroacoustic broadband mechanisms that appear to dominate noise generation in this
frequency region are not fully understood and are difficult (if not impossible) to
measure in existing facilities because of the relatively high level of facility back-
ground noise,

Before discussing desirable characteristics of a wind tunnel suitable for acous-
tic testing, it is appropriate to define two terms -~ "test section" and "test cham-
ber" - that will be used in this report. The test section in all wind tunnels is
that portion of the wind-tunnel circuit within which the model under test is located.
Usually, the test section is bounded by the tunnel walls just as in the rest of the
tunnel circuit. (See, for example, ref. 8.) Some wind tunnels are also designed to
operate in an open test section mode such that the flow exits from a nozzle into one
side of the test chamber, is collected at the opposite side of the test chamber, and
then is redirected back around the circuit. 1In this case, the test section consists
of the potential core region of the free jet. A schematic drawing in figure 1 of the
Langley 4- by 7-Meter Tunnel circuit, which may be operated in both open and closed
test section modes, is used to illustrate this concept.

In wind tunnels used only for aerodynamic testing, the terms "test section" and
"test chamber" are interchangeable; but for the case of acoustic testing in which
noise measurements may be made in any part of the test chamber, including outside the
flow itself (that is, outside the test section), the distinction between these two
terms becomes important.,

Essentially, a wind tunnel suitable for acoustic measurements of helicopter
system noise, including the rotor broadband noise sources, should meet the following
four general requirements:

1. Flow guality (ref. 9) - For adequate investigation of aeroacoustic
source mechanisms, tunnel flow should be highly uniform (within
0.5 percent) and possess a very low turbulence level (a maximum of
0.5 percent). Also, the mean flow unsteadiness should be minimal
(less than 0.5 percent).

2. Test section size ~ Because the mechanisms of rotor noise generation
and their associated scaling relations from model to full-size rotors
are inadequately understood, there is a minimum desirable scale from
which full-scale results may confidently be inferred. This minimum
scale has been estimated from consideration of Reynolds number and
known noise-generation mechanisms to be of the order of 1/5-scale.
This translates to a minimum model rotor diameter of about 2 m. Test-
ing of 1/5-scale rotorcraft models mandates the use of a large wind
tunnel with a uniform flow region in the test section at least 4 m
wide to allow an adequate flow-boundary clearance for the model.



3. Background noise level - Numerous potential noise sources exist in a
wind tunnel and special consideration of each possible source is nec-
essary to minimize unwanted background noise in both the tunnel test
section and test chamber. Good acoustic measurement practice dictates
that accurate measurements of rotor noise sources can be made only
when noise from these sources is at least 6 dB above the background
noise at all frequencies of interest. Sophisticated methods for ex-
traction of lower-level noise sources do exist but are time-consuming
and require some prior knowledge of the source.. They are thus not
recommended for routine measurements. Development of a working
criterion for tunnel background noise for rotorcraft testing is
summarized in section 2.3,

4, Large anechoic test chamber surrounding open test section - As dis-
cussed earlier, the term "open test section" refers to a wind tunnel
that may be operated in a free-jet mode. In this mode of operation,
the airstream through the surrounding test chamber consists of a free
jet of sufficient size to include the test model fully in its poten-
tial core. For rotorcraft aerocacoustic testing, this mode of
operation is highly desirable and arises from several related
considerations.

Since a rotor is a geometrically large acoustic source, measurements
in the geometric far field, say at a minimum distance of 2.5 rotor
diameters from the hub, require microphone positions at least 5 m from
the model center for a 2-m rotor. For a tunnel that can operate only
in a closed test section mode, this increases the minimum reguired
lateral test section dimension to 10 m without any allowance for an-
echoic wall treatment or wall/microphone separation. For a tunnel
operable in an open test section mode, a much smaller test section
size is required since measurements can be made outside the flow in
the test chamber.

Acoustically absorbent wall treatment is essential for the test cham-
ber of a wind tunnel to approximate an acoustic free field condition.
If the surfaces of the test chamber reflect sound, then acoustic mea-
surements will contain not only directly incident sound but also the
contributions from multiple reflections. These additional contribu-
tions can severely complicate the task of interpreting measured data.

The performance of acoustic treatment used on wall surfaces exposed to
flow is generally inferior to that typically used in anechoic chambers
(that is, acoustic wedges), where the acoustic treatment is not re-
quired to withstand flow. Thus, it is only in a tunnel with an open
test section surrounded by a large anechoic chamber, where the acous-
tic treatment is not exposed to flow, that the measurement capability
can approach that of a free field,

Another advantage of an acoustically treated open test chamber (which
was guantified during the course of this study) is that lower back-
ground noise levels exist at out-of-flow acoustic measurement posi-
tions. This difference arises from the absence of flow-induced micro-
phone self-noise at out-of-flow positions and the directivity of
tunnel circuit noise radiated into the measurement space. (See
sections 2 and 4.)



A survey of existing U.S. wind tunnels revealed that no adequate facility that
presently meets the requirements for acoustic measurements of all pertinent helicop-
ter noise sources either exists or is being planned. 1Indeed, even on a worldwide
basis, only one facility exists that apparently possesses the necessary features.
This facility is the German-Dutch (Duits-Nederlandse) Wind Tunnel (DNW) at
Noordoostpolder in the Netherlands. (See refs. 10 and 11.)

Since the construction of a new wind tunnel is not considered feasible, the
alternative is to examine an existing promising candidate for modification. This
rationale resulted in the consideration of the Langley 4- by 7-Meter Tunnel.,

The Langley 4- by 7-Meter Tunnel (previously known as the V/STOL Tunnel, and
frequently referred to hereinafter as the "4 x 7-m Tunnel”) was specifically designed
for aerodynamic testing of V/STOL models and recently went through a major modifica-
tion for flow quality improvement, thus satisfying the first two aforementioned
requirements. Although acoustic testing was not considered in the design, the provi-
sion of an open test section and a large test chamber surrounding the open test sec-
tion offered the possibility of satisfying the additional requirements., Because of
these favorable factors, this tunnel and the Ames 40- by 80-Foot Wind Tunnel were
suggested by NASA's Aeronautics Advisory Committee (AAC) Rotorcraft Subcommittee for
an in-depth treatment feasibility study. Subsequently, an ad hoc study committee
for this purpose was formed at the NASA Langley Research Center.

Throughout the study, the activity associated with providing necessary back-
ground information, and with justifying conclusions by comparison with similar facil-
ities (especially with the DNW), yielded valuable insights into the behavior and
design characteristics of wind tunnels suitable for rotorcraft acoustic testing.
Several of the conclusions emerged only after a final review and analysis of the
various study components. The purpose of this report is to describe the process by
which the study was carried out and to document conclusions that pertain not only to
the 4 x 7-m Tunnel but also to acoustic wind tunnels in general.

A summary of the components of the feasibility study follows in sections 2
and 3. Section 4 contains a final review and integrated analysis of the various
study components.

2 STUDY COMPONENTS

In this section, the major study components are summarized as follows: (1) mi-
crophone placement, (2) assessment of geometrical constraints, (3) determination of
goals for tunnel background noise level, (4) guantification of acoustic sources and
paths within the tunnel, and (5) establishment of options for background noise reduc-
tion in the tunnel test chamber.

Study components (2) and (3) are documented in reference 12, and (4) and (5) are
in references 13 to 16. The purpose of this section is to highlight the significant
portions of this work.

1Report of the AAC ad hoc Rotorcraft Subcommittee meeting at NASA Headquarters
July 27-28, 1982,

4



2.1 Microphone Placement

For rotorcraft acoustic testing in wind tunnels with an open test section such
as in the 4 X 7-m Tunnel, proper consideration must be given to the placement of mea-
surement microphones in order to achieve the specific test objectives. Seven major
factors need to be evaluated, and these are illustrated in figure 2. As shown in the
figure, rotor noise can be classified into two main categories: periodic noise {(in-
cluding impulsive noise) and random noise. This classification is appropriate when
sound transmission through the shear layer of the free jet is considered. For any
rotor acoustic test, measurement microphones may be placed either inside the test
flow (the uniform portion of the free jet) or outside the test flow (in the acousti-~
cally treated test chamber), depending largely on the purpose of the test and the
specific type of noise source to be measured.

For in-flow microphones, the lower bound of the background noise is usually
determined by the pressure fluctuations induced by either the free~stream turbulence
or the boundary layer developed over the nose cone of the microphones. These pres-
sure fluctuations are in the form of a pseudosound and are often referred to as the
"microphone self-noise."” An extensive study on in-flow microphone self-noise was

carried out by Noiseux (refs. 17 and 18). (See also the discussion in appendix G of
ref. 13.)

For out-of-flow microphones, the noise radiated by the tunnel test flow and tun-
nel circuit components determines the lower bound of the background noise, and in a
quiet wind tunnel this is lower than the in-flow microphone self-noise. The princi-
pal disadvantage with out-of-flow measurements, however, is that transmission of
source noise through the shear layer of the free jet requires corrections. Sound
transmission through a shear layer has been extensively studied, (See, for instance,

refs. 19 and 20.) The general conclusions that can be drawn from these studies are
as follows:

1. Correction of shear layer transmission effects can be made with con-
fidence for random noise.

2, Correction can also be made to the periodic or impulsive noise if the
spectral bandwidth is 1/3 octave or wider, and provided that data for

turbulence scattering are obtained for the tunnel shear layer through
calibration.

3. If the waveform of the periodic or impulsive noise is of interest, and
if the signal contains significant high~frequency components, then
transmission of a signal through the shear layer tends to distort the
waveform and this distortion cannot be corrected.

By considering collectively the seven factors listed in figure 2, the following
may be concluded: (1) for measurements related to a rotor system noise study, in
which all sources (periodic, impulsive, and random) need to be considered but where a
1/3-octave-band sound pressure level (SPL) is adequate, out-of-flow microphone mea-
surements represent the best choice; (2) for measurements in which accurate determi-
nation of noise waveform is wvital (periodic or impulsive noise only), microphones
should be placed inside the test flow in order to avoid waveform distortion from
turbulence scattering; and (3) for measurements in which both system noise and signal
waveform are of interest, measurements should be made with a judicious combination of
both in-flow and out-of-flow microphones.



It should be noted that rotorcraft system noise is of concern in community noise
problems and that signal waveform is important to the understanding of the source
mechanisms of periodic or impulsive noise. Both aspects are relevant to the acoustic
treatment feasibility study of the 4 X 7-m Tunnel.

2.2 Geometrical Constraints

In an acoustic wind tunnel, the size and shape of the test chamber surrounding

the free jet are important to the quality and type of acoustic measurements that can
be made.

Figure 3(a) illustrates the geometrical constraints for out-of-flow far field
acoustic measurements of scale model rotor noise in the test section of the 4 X 7-m
Tunnel. It may be seen from figure 3(a) that it is only within limited vertical and
horizontal arcs that out-of-flow far field acoustic measurements are possible. A
solution to circumvent this limitation partially, however, is to relocate the tunnel
control room outside the test chamber and to allow rotation of the model rotor plane
about the tunnel centerline axis. (Models are usually tested with the rotor axis in
a vertical plane only, as shown in fig. 3(a).) These combined measures would then
allow almost complete hemispherical acoustic measurement coverage of the model with
out-of-flow microphones. Rotor tip/boundary clearance is still considered adequate,
and figure 3(b) also illustrates approximate floor clearance for a 2-m rotor operat-
ing in a vertical plane,

2.3 Background Noise Goal

It was pointed out earlier that both in-flow and out-of-flow microphone measure-
ments are required for model rotor acoustic research in wind tunnels. To ensure that
useful acoustic data are obtained from measurements, the maximum allowable tunnel
background noise levels must be less than the source level to be measured for both
in-flow and out-of-flow microphones. Tunnel background noise, which generally de-
pends on the tunnel speed, is higher at higher tunnel speeds. Thus, an acoustic
"design tunnel speed” must be selected in order to establish the background noise
goal for the tunnel acoustic treatment. Based on the considerations of having both a
high-enough tunnel speed for adequate rotorcraft system noise research and a low-
enough tunnel speed for a low-risk and cost-effective acoustic treatment implementa-
tion, a tunnel speed of 120 knots was selected for this purpose.

From a preliminary evaluation of the gource type and radiation characteristics
of model scale helicopter rotors, it became apparent that the out-of-flow tunnel
background noise requirement would be more stringent than the in-flow requirement.

Therefore, the primary background noise goal to be considered in this study is that
for out-of-flow measurement., {See fig. 4.)

The lower bound for in~flow background noise can be established based on the mi-
crophone self-noise predicted using the empirical method established in reference 18.
(See also appendix G in ref. 13.,) The empirical method was derived from measured
microphone self-noise data obtained in a low-noise and low-turbulence (turbulence
intensity less than 0.3 percent) guiet small-scale wind tunnel with careful consider-
ation given to the microphone support to minimize support-generated noise. The lower
bound of in-flow background noise is used as a reference to evaluate the quality of
the tunnel acoustic treatment. For successful treatment, the tunnel-generated noise
is expected to be lower than the lower bound.
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The procedure for establishing the out-of-flow background noise goal (ref. 12)
was based on calculated acoustic spectra from several important helicopter rotor
source mechanisms at a distance of 5 m below the rotor hub along the rdétor axis. The
following source mechanisms were included in the calculation: high-speed impulsive
noise, blade-vortex interaction noise, rotational noise, and broadband noise.

A 2-m-diameter two-blade rotor (NACA 0012 blade section) with a blade aspect ra-
tio of 25 was used for all estimates at the acoustic design tunnel speed (120 knots).
The two blade loadings used were 192 N/m2 (4 lb/ftz) and 766 N/m2 (16 lb/ftz), corre-
sponding roughly to blade tip speeds of 152 m/sec (500 ft/sec) and 259 m/sec
(850 ft/sec), respectively. An initial assessment of the relative magnitudes from
the four source categories listed previously led to the conclusion that only broad-
band noise sources need to be considered in establishing the out-of-flow noise goal.

The broadband noise levels were computed using the prediction method proposed in
reference 21, which includes turbulence ingestion (TI) noise, blade trailing-edge
(TE) noise, and blade tip (TIP) noise. The prediction of TI noise was used as pro-
posed, but the TE and TIP noise components were adjusted after a comparison with rel-
evant experimental data. To accomplish this comparison, the measured two-dimensional
(2-D) airfoil TE noise data reported in reference 22 were used to synthesize the ro-
tor broadband noise by assuming that each spanwise section of the rotor blade behaves
as an equivalent 2-D airfoil in the uniform local incoming flow, The contributions
from blade sections were extrapolated using available data (ref. 22) and were added
appropriately to give the broadband noise for the entire rotor. The comparison
indicated that the synthesized rotor broadband noise was nominally 10 dB higher than
the prediction (ref. 12). Thus, a 10-dB upward adjustment was applied to the pre-
diction for TE noise. A similar adjustment was also made to TIP noise on account of
the similarity of the physical mechanisms of the two types of noise, as postulated
in reference 21, It is important to note that the crude comparison made in this
study by no means represents a validation of the prediction method proposed in refer-
ence 21. This was considered the best approach possible at this time in the absence
of any definitive data on rotor broadband noise from a well-controlled experiment.
(The lack of rotor broadband noise data is due largely to the lack of a suitable test
facility.)

The adjusted TE, TIP, and TI levels were then added logarithmically to produce a
total rotor broadband noise for the two assumed blade loading levels. To account for
the decrease in broadband off-axis radiation at 30° from the rotor axis, 6 dB were
subtracted (assuming dipole directivity) from these totals. An out-of-flow back-
ground noise goal was obtained by taking the arithmetic average of the broadband
noise levels for the two blade loadings.

Figure 4 gives a comparison of the out-of-flow design-goal noise level and the
lower bound on in-flow background noise with the existing in-flow and out-of~flow
background noise levels at the acoustic design tunnel speed. It is seen that the
minimum tunnel background noise reduction required ranges from 37 dB at 100 Hz to
5 dB at 8 kHz for out-of-flow measurement. The in-flow background noise is about
15 to 20 dB higher than the lower bound for microphone self-noise.

2.4 Quantification of Acoustic Sources and Paths

In order to determine methods for achieving the required tunnel background noise
reduction, detailed gquantitative information regarding acoustic sources and noise
propagation paths was required.



Source/path data were provided through an extensive measurement and analysis
study performed in reference 13. The ocbjective of this study was to diagnose the
contributing sources to the background noise in the test section/test chamber and the
paths by which the background noise reaches the test section/test chamber. Principal
results of this study are summarized in the following discussion.

The major background noise sources determined from the measurements described
in reference 13 are depicted schematically in figure 5, Estimated 1/3-octave~band
acoustic power levels for the two dominant sources, namely, the tunnel drive fan
and first- and second-corner turning vanes, for three tunnel speeds (40, 80, and
160 knots) are shown in figqure 6. Acoustic attenuation due to propagation from vari-
ous source locations to the test section is shown in figure 7. Steps to attenuate
the machinery noise noted in figure 6 have already taken place since the time that
these measurements were made by relocating an oil pump outside the tunnel circuit.

The total measured background noise spectrum in the test section together with
an estimation of its constituent parts are presented in figure 8. It may be seen
from these results that the fan noise propagation via the upstream path is dominant,
with nearly equal contributions at low frequencies from fan noise propagating wvia the
downstream path. Turning vane noise is seen to be less important; however, the au-
thors of reference 13 note that the turning vane noise calculation may be subject to
error - possibly 10 dB - because of a lack of necessary detailed information regard-
ing the flow field incident upon the vane set.

2.5 Options for Reduction of Test Chamber Noise

In a subsequent study (ref. 14), options for reducing the test chamber back-
ground noise level to meet the NASA goal were defined and evaluated. This analysis
was based on a detailed examination of the measured results, the maximum acceptable
tunnel background noise criterion previously established, and good practice in wind-
tunnel noise control. The following four noise-reduction options were identified in

reference 14 to achieve the acoustic objectives for the upgrade of the Langley 4- by
7-Meter Tunnel:

Option Description

I Retain the current fan and tunnel circuit, but reduce test
section size with a smaller nozzle.

II Retain the current fan, but add extensive acoustic treatment
to the tunnel circuit.

IIT Rebuild only the fan to reduce blade loading and improve
efficiency.
v Rebuild the fan and add necessary treatment to the circuit.

The impact of these options given in reference 14 is summarized in table I.

Although the author of reference 14 conducted a technical evaluation and rela-
tive cost/benefit analysis (table I) of the four noise reduction options previously
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summarized, two additional criteria to those used by him are required in evaluating
the relative merits of the available options: (a) an acceptable level of confidence
in achieving the necessary noise reduction, and (b) no degradation in aérodynamic
performance of the tunnel,

From this perspective, option IV was identified as the only one cépa@le of meet-
ing both the background noise goal and the additional criteria. Some of the reason-
ing leading to this conclusion is given as follows:

Option I was considered attractive initially, especially from a cost viewpoint,
Additional analysis, however, revealed that the reduction in nozzle size would not
only compromise the model size requiremént but also present serious coricern on the
performance of the first diffuser. The performance of the present nozzle and first
diffuser was evaluated in reference 23,

Option II relies heavily on the use of acoustic absorbing devices pléced around
the tunnel circuit. It represents a passive approach to the noise reduction problem.
It is likely that the additional aerodynamic losses associated with these acoustic
absorbing devices, particularly those placed in the high-velocity region of the tun-
nel, and the self-noise generation from these devices themselves will offset some of
the overall noise reduction.

Option IITI represents a direct approach to noise reduction -~ that is, reduction
of noise at the source. It is the most desirable approach since methods for fan
noise reduction at the source are relatively well established (ref. 24). Techniques
such as tip speed reduction, blade loading optimization, and optimized matching of
the fan design to the tunnel in-flow are known to provide reliable fan noise reduc-
tion. However, based on the estimates provided in reference 14 and consideration of
the current fan design practice, it was concluded, however, that the required noise
reduction cannot be achieved by rebuilding the existing fan alone.

Thus, after careful evaluation of all the available options, option IV shown in
figure 9 was selected as the only one that involves an acceptable level of risk and
has minimum detrimental impact on the aerodynamic performance of the tunnel. (In
fact, the possibility exists that fan redesign may provide an improvement in the
aerodynamic performance of the tunnel.) The essential features of the chosen
option IV were as follows:

1. A 50-percent speed reduction of the tunnel drive fan (93 rpm at acous-
tic design tunnel speed)

2. Fan reblading to maximize the aerodynamic efficiency of the fan and to
provide an improved matching between the fan and tunnel circuit flow

3. A minimum amount of acoustic treatment inside the tunnel circuit to
ensure low losses and self-noise generation due to treatment

4. Relocation of the present control room outside the test chamber

5. Acoustic treatment of all test chamber surfaces to ensure a high-
quality acoustic measurement environment.



3 ENGINEERING FEASIBILITY STUDY

After determining a desirable option for acoustic treatment of the 4 X 7-m Tun-

nel, a study was conducted to assess the engineering feasibility of satisfactorily
implementing this option.

One of the critical questions to be resolved in the engineering feasibility
study was the fan redesign to achieve a 50-percent speed reduction while maintaining
the present tunnel flow capability at improved aerodynamic efficiency.

The engineering feasibility study is summarized in reference 16. At the conclu-
sion of this study, it was apparent that the required 50-percent fan speed reduction
is incompatible with conventional practice in wind-tunnel drive fan design. Without
compromising any of the tunnel performance constraints, the achievable fan speed
reduction is conservatively estimated to be 27 percent {135 rpm at acoustic tunnel
design speed). This 27-percent fan speed reduction implies that the required back-
ground noise reduction due to fan speed would fall short of the design goal by 8 dB.

The main features of the redesigned fan included (1) a blade profile consisting
of a wide-~chord NACA 65-series airfoil with circular-arc camber, a hub solidity of 2,
and a tip~to-hub chord ratio of 0.75; (2) an increase in the blade number from 9 to
19; (3) an increase in the hub diameter from 4.9 to 7 m with a new nose cone; (4) an

addition of five inlet guide wvanes to provide a 30° prewhirl; and (5) an increase in
the tail cone length.

The findings presented in reference 16 showed the need for a reevaluation of the
elements of the selected treatment option and an effort to contrast the present
acoustic treatment approach of the 4 X 7-m Tunnel with the design features of the
DNW. This integrated analysis is presented in the following section.

4 REVIEW AND INTEGRATED ANALYSIS OF STUDY COMPONENTS

At the conclusion of the engineering feasibility study, a renewed effort was
initiated to review critically the various elements in the selected option so that
the treatment feasibility issue could be addressed. The various activities conducted
are summarized in this section. ’

4,1 Comparison of Background Noise Between 4 X 7-m and DNW Tunnels

The DNW tunnel was designed and constructed with aeroacoustic testing in mind
and, as such, it is generally considered the best large-scale aercacoustic testing
facility worldwide. A comparison of measured tunnel background noise levels for the
4 x 7-m Tunnel with those of the DNW should therefore be instructive in assessing the
acoustic treatment required for the 4 X 7-m Tunnel. Figure 10 shows such a compari-
son. (Throughout this report DNW measurements at 65 m/sec have been used for compar-
isons with the 4 x 7-m Tunnel at 120 knots.)

It is seen that the difference in the background levels between in-flow and out-
of-flow noise for the 4 X 7-m Tunnel is about 5 dB over the entire spectral range.
The corresponding difference for the DNW is in the range from 20 to 25 dB for the
entire spectral range and is substantially higher than that observed for the 4 X 7-m
Tunnel. One of the major differences between the two tunnels is the test chamber
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acoustic environment; that is, the test chamber of the DNW is anechoic ahd the test
chamber for the 4 X 7-m Tunnel is semitreverberant.

It is also pertinent to note that the in-flow background noise levels of the two
tunnels are generally comparable, This contrasts dramatically with the large differ-
ence between their out-of-flow levels. Furthermore, the out-of-flow background noise
level measured for the 4 X 7-m Tunnel is insensitive to the microphone location
(ref. 13); whereas for the DNW, the background noise level reduces as the out-of-flow
distance to the tunnel centerline is increased (ref. 10). These observed differences
motivated a study (ref. 15) to investigate the major contributing factor to the large
noise reduction in out-of-flow backgréund noise level that existed in the DNW. The
findings of this study are summarized in the next section.

It is also pertinent to note that in making the comparison shown in figure 10,
no consideration was given to the scaling aspects of the two tunnels. For instance,
the nozzle size for the DNW is 6 m by 8 m, which is about 1.7 times larger than that
of the 4 X 7-m Tunnel, and the test chamber volume is much greater for the DNW.

4.2 Effect of Test Chamber Acoustic Treatment on Out-of-Flow Noise

In reference 13 the reduction of out-~of-flow background noise due to acoustic
treatment of the test chamber was originally estimated to be between 5 and 10 dB.
This estimate was based on the measured directivity of tunnel noise radiating into
the open test section from the first diffuser and the reduction of test chamber
reverberation. To substantiate this estimate as well as to understand the difference
between in-flow and out-of-flow background noise levels observed for the DNW (see
fig. 10), a computational study was performed and is reported in reference 15. This
study involved a 2-D modeling of the nozzle, the test chamber, and the first diffuser
of the tunnel circuit to assess the effect of acoustically absorbent treatment of
test chamber surfaces on the sound field in the test chamber. The geometry of the
portion of the tunnel circuit modeled in the analysis is shown in figure 11,

Typical results at low frequencies are shown in figure 12, It is seen that the
test chamber treatment resulted in noise levels at typical out-of-flow microphone
locations (near the chamber wall) some 20 to 25 dB lower than the in-flow noise
level., Additional computation with tunnel flow included showed a similar trend.
(See ref. 15.)

It thus appears that the original estimate (ref. 13) on the out-of-flow noise
reduction due to acoustic treatment of the test chamber was too conservative. To
verify further the computed results of reference 15, the computed results were com~
pared with the difference in background noise levels measured in the DNW. The dif-
ference between the DNW in-flow and out-of-flow background noise levels as shown in
figure 10 is plotted in figure 13. A noise reduction from 18 to 32 dB is evident
over the entire frequency range of interest., This noise reduction is believed to be
due to the acoustic treatment of the test chamber.

If it is conservatively assumed from the DNW data that a nominal reduction of
20 dB is due to test chamber treatment alone, the magnitude of the noise reduction

20his view is shared by the DNW personnel (J. C. A. van Ditshuizen) through
private communication.
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observed in the DNW can be extrapolated to the 4 x 7-m Tunnel situation once a dis-
tance scaling law is established. Using the out-of-flow noise directivity data

measured by the DNW (ref. 10) at sideline distances of 8.6 and 12.2 m, it was estab-
lished that the distance scaling follows an approximate inverse square law in terms

of r/D*, where r 1is the sideline distance and D* is the equivalent nozzle
diameter. (See fig. 14.)

For the 4 X 7-m Tunnel, as in section 2, this study assumed a 2-m-diameter model
rotor with the out-of-flow noise measurements being made at 2.5 rotor diameters (5 m)
away from the model centerline. This gives an r/D* of 0.94 resulting in a reduc-
tion of 13 dB for out-of-flow background noise if one assumes that the trend observed
for out-of-flow background noise reduction in the DNW is applicable to the 4 x 7-m
Tunnel. The corresponding results obtained from an analysis made at low frequency
are also plotted in the same figure for comparison. It is seen that the predicted
values generally exceed the conservative representation of the DNW data.

4.3 Noise Reduction Due to Fan Redesign

The noise reduction due to achievable fan speed reduction (27 percent) alone can
be readily estimated using the noise scaling law as established in reference 13. The
spectrum of the tunnel background noise with a rebuilt drive fan operating with a
27~percent speed reduction will be 5 dB lower than the present background noise with
the entire spectrum shifted to the lower end by 1/3 octave. BAn additional 8-dB noise
reduction, as estimated in reference 13, due to improved fan aerodynamic flow is also
applied. The overall effect of a rebuilt fan on the out-of-flow tunnel background
noise calculated in this manner is shown in figure 15. It is seen that the out-of-
flow noise goal is met for frequencies greater than 1 kHz. The additional reduction
required below 1 kHz is still substantial. Figure 16 shows the effect of a rebuilt
fan on in-flow background noise. It is seen that the in~flow background noise level
approaches the lower bound for microphone self-noise. 1In fact, if only in-flow mea-
surement is of interest, based on the discussion made in relation to figure 2 regard-
ing the source type suitable for in-flow measurement, there would be no need to
reduce further the in-flow background noise.

Additional effort was expended in the attempt to estimate independently the
noise reduction due to fan aerodynamic flow improvement. Referring to figure 10, it
was pointed out in the discussion that the in-~flow noise level in the DNW is only
marginally lower than that in the 4 X 7-m Tunnel at corresponding tunnel speeds.
This observation was surprising since it has been reported (ref. 11) that great care
was taken in the acoustic design of the DNW fan,

Further study on this aspect, however, has revealed that a direct comparison, as
was presented in figure 10, can be misleading. This is because noise radiation from
wind-tunnel fans depends on many design and operating parameters such as fan tip
speed, mechanical power delivered, aerodynamic efficiency, and blade loading distri-
bution. Also, the incoming flow to the fan is important. The state of incoming flow
in turn depends on the aerodynamic performance of the tunnel circuit as a whole. 1In
comparing noise radiation from wind-tunnel fans of different designs, consideration
must be given to all the parameters previously stated. The DNW fan has a higher
aerodynamic efficiency than that estimated for the present 4 X 7-m Tunnel fan. The
mechanical power delivered to the open test section by the DNW fan is about twice
that of the 4 X 7-m Tunnel. The design tip speed of the DNW fan, however, is only
80 percent of that for the 4 X 7-m Tunnel. The DNW fan and tunnel circuit are simi-~
lar in size to those of the 4 X 7-m Tunnel (fan diameters are 12.5 m and 12.3 m for
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the DNW and the 4 X 7-m Tunnel, respectively), but the test section size of the DNW
is 1.7 times larger. (The DNW test se&tion is 6 m by 8 m.)

Using the fact that circuit sizes and layouts of the two tunnels are roughly
similar, an attempt was made to evaluaté (from known aerodynamic and acoustic data of
the two tunnels) the noise level that & fan similar to the DNW design would produce
if it were installed in the 4 X 7-m Tunnel. The aim of this exercise was to verify
independently the 8-dB noise benefit estimated in reference 13 due to the redesign of
the 4 x 7-m Tunnel fan. The approach taken was to size the DNW fan to meet the
4 x 7-m Tunnel flow requirement at the performance point selected for the acoustic
design condition (120 knots) and then t6 calculate the noise radiation of this fan
based on published noise data of the DNW fan. This attempt was unsuccessﬁul because
of the large number of variables involved in this calculation and the unavailability
of both noise and performance data of the DNW fan at off-design conditiéns.

It is pertinent to point out that for large-scale industrial fans used in cool-
ing towers and air-fin coolers, reference 24 notes that a noise reduction of 15 4B or
more has been achieved for the same airflow with more efficient wide-blade low-speed
fans than the previous narrow-blade high tip speed fans. The same approach was used
in the engineering feasibility study for a new fan design described in reference 16
and in section 3 of this report.

However, because an independent verification on the calculation in reference 13
was not possible, and because of the importance of the estimate, it is recommended
that the estimated 8-dB noise reduction due to improved fan aerodynamic flow should
be verified by model scale testing.

4.4 Reassessment of Acoustic Treatment Required To Achieve Out-of-Flow Noise Goal

With the reevaluation of noise reduction achievable with a rebuilt fan
(27-percent speed reduction) and the understanding gained on the effect of an an-
echoic test chamber on out-of-flow background noise, a reassessment of the treatment
approach to achieve the tunnel background noise goal was made. Figure 17 shows the
anticipated out-of-flow noise reduction due to acoustic treatment of the test chamber
for the rebuilt fan. The additional noise reduction illustrated was obtained from
the estimate made in figure 13 and was applied uniformly over the entire spectrum.

It is seen that the out-of-flow noise goal is satisfied for frequencies above 500 Hz.
The remaining reduction required at low frequencies for meeting the goal is reduced
to about 10 4B, as shown by comparing figure 17 with figure 15, For in-flow back-
ground noise, it is assgsumed conservatively that the acoustic treatment of the test
chamber contributes no reduction.

The remaining noise reduction required to satisfy the out-of-flow background
noise goal is obtained by treating critical parts of the tunnel circuit. The treat-
ment approach initially proposed in reference 13 (see fig. 9) was carefully analyzed
together with additional considerations given to the cost effectiveness and elimina-
tion of possible reflections of axially propagating test model noise from the first-
and fourth-corner turning vanes (which are along the line of sight of the model).
The analysis indicated that the first- and fourth-corner turning vanes should be
acoustically treated.

To estimate the effect of acoustic treatment for corner turning vanes on out~of-~
flow tunnel background noise, the predicted out-of-flow noise with the rebuilt fan
(see figs. 15 and 16) was separated into upstream and downstream contributions from
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the fan using the propagation attenuation data shown in fiqure 7. The contribution
to the test section noise due to turning vanes was omitted in the calculation since
the turning vane noise is estimated to be at least 10 dB lower than the fan noise,
(See fig. 8.) PFigure 18 shows the attenuation achievable with acoustic treatment for
the first-corner turning vane on the upstream contribution to the ocut-of-flow back-
ground noise. A corresponding result with treatment for the fourth-corner turning
vane is given in figure 19, The insertion loss for the acoustically treated corner
vanes was estimated based on the data available in references 13 and 16, The com-
bined effect of acoustic treatment for the first- and fourth-corner turning vanes is
obtained by logarithmically adding the upstream and downstream contributions. The
result is shown in figqure 20. It is seen that the out-of-flow background noise goal
is satisfied at all but the lowest frequency (100 Hz). Further assessment of this
discrepancy revealed that it will not compromise the original objective for rotor-
craft acoustic testing, because the weaker source mechanism of interest at this
frequency is atmospheric turbulent ingestion noise that may not be realistically
simulated in a wind tunnel.

The corresponding result for the in-flow background noise with acoustic treat-
ment for the first- and fourth-corner turning vanes is shown in figure 21. It is
seen that the in-flow background noise achievable is actually lower than the lower
bound for microphone self-noise.

4.5 BAcoustic Treatment of Test Chamber Floor

The initial approach examined in the engineering feasibility study (ref. 16) for
acoustic treatment of the test chamber floor consisted of a portable 2-ft-flat acous-
tic treatment placed on the existing floor during an acoustic test. This treatment
decreases the model-to-floor clearance, which is of concern from the point of view of
acoustic testing since full directivity measurements require model rotation, and

adequate model-to-tunnel floor clearance is important from both aerodynamic and
acoustic considerations.

Additionally, turbulence along the floor of the first diffuser from the termi-
nation of the acoustic floor treatment may be expected to reduce the quality of the
flow throughout the tunnel.

An alternative method of acoustic treatment that would avoid these problems

would be to recess the treatment below the existing tunnel floor.
CONCLUDING REMARKS

This report, which has summarized the acoustic treatment feasibility study for
the Langley 4- by 7-Meter Tunnel, has determined that modification of the tunnel for
rotorcraft noise research is feasible., The NASA design noise goal summarized in this
report can be achieved by introducing the following modifications:

® A rebuilt fan operating at 135 rpm or below

® Acoustic treatment of the test chamber

® Treating the first-corner turning vane set

® Treating the fourth-corner turning vane set

14



It is recommended, however, that model tests be conducted to verify the aero-
dynamic performance and noise reduction benefit because of fan reblading and aero-

dynamic efficiency improvements. Also, concepts for tunnel floor acoustic treatment
should be further evaluated.

In addition to providing a sound basis for the aforementioned conclusions, the
study described in this report sheds new light on the design of an acoustic wind tun-
nel. When taken in aggregate with the cited referenceg, it is also considered that
this report demonstrates a procedure that could be applied to other feasibility
studies for wind-tunnel acoustic treatment.

NASA Langley Research Center
Hampton, VA 23665-5225
April 29, 1986
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Figure 3.- Schematic drawing showing open test section and
test chamber.
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Figure 15.~ Effect of rebuilt fan operating with

1/3-octave-band S PL, dB

a 27-percent speed reduction on out-of-flow
background noise of 4 x 7-m Tunnel. Tunnel
speed, 120 knots.
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Figure 16.~ Effect of rebuilt fan on in-flow
background noise of 4 x 7-m Tunnel.
Tunnel speed, 120 knots.
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Figure 17.- Effect of rebuilt fan and test chamber acoustic treatment
on out-of-flow background noise of 4 x 7-m Tunnel. Tunnel speed,
120 knots; out-of-flow microphone 5 m from tunnel centerline.
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Figure 18.- Effect of rebuilt fan and acoustic treatment
on out-of-flow background noise of 4 x 7-m Tunnel in
upstream path. Tunnel speed, 120 knots; out-of-flow
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Figure 19.- Effect of rebuilt fan and acoustic treatment
on out-of-flow background noise of 4 x 7-m Tunnel in

downstream path. Tunnel speed, 120 knots;
‘microphone 5 m from tunnel centerline.
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Figure 20.- Effect of rebuilt fan and acoustic treatment
on out-of-flow background noise of 4 x 7-m ‘Tunnel.
Tunnel speed, 120 knots; out-of-flow microphone 5 m
from tunnel centerline.
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